Diaphragmatic paralysis first suggested as a therapeutic measure in lung disease by Steurtz (1911), who did simple phrenicotomy. Felix (1922) showed in 25% of cases this was ineffective owing to the presence of an accessory phrenic, and suggested phrenic exairesis, i.e. complete evulsion of the phrenic nerve. Goetze (1922) suggested radical phrenicotomy, i.e. division of the phrenic and excision of the nerve to the subclavius.
REsuME.-La paralysie phrenique fut recommandee comme agent therapeutique pour la premi6re fois par Steurtz (1911) , qui fit une simple phrenicotomie. Felix (1922) demontra que cette operation etait inefficace dans 25% des cas, a cause de la presence d'un phrenique accessoire, et suggera l'exairese du phrenique, c'est-A-dire l'avulsion complete du nerf phrenique. Goetze (1922) preconisa la phrenicotomie radicale, c'est-A-dire la section du phrenique et l'excision du nerf jusqu'au subclavius. Effets de la paralysie du diaphragme.-Le diaphragme monte jusqu'A la position d'expiration complete (4-8 cm.). Mouvement paradoxal du meme cote (phenomnne de Kienboch) . Atrophie du muscle. Collapsus du poumon, portant sur la base ainsi que sur le sommet. Volume du poumon reduit de The subject of diaphragmatic paralysis has become one of considerable interest in clinical medicine of recent years, largely owing to the fact that it has been utilized as a therapeutic measure in certain diseases of the respiratory tract. In this short paper an attempt will be made to review briefly the present state of our knowledge regarding the effects produced by paralysis of the diaphragm, the main indications for its use, and the clinical results which may be expected in those pathological conditions, in which it has been employed.
It was formerly maintained that the diaphragm was mainly responsible for the expansion of the lower lobes (Hultkranz [17] , Pasteur [27] , etc.); and in fact Pasteur held the view that post-operative collapse of the lung was due to loss of diaphragmatic function. Other workers (Keith [18] , Briscoe [8] , etc.), have shown, however, that the diaphragm exerts its action on the apex as well as the base of the lung. It has been observed that pulmonary tuberculosis and other asthenic states are often associated with a long narrow chest and a low diaphragm (Wenckebach [32] ); in rabbits, after the diaphragm has been paralysed, if an injection of tubercle bacilli is given, the disease fails to develop in the paralysed side (Carl [12] ).
Observations such as these suggest that paralysis of the diaphragm might be of value in cases of pulmonary tuberculosis where a satisfactory collapse cannot be obtained by artificial pneumothorax on account of adhesions between the parietal and visceral layers of the pleura. In such cases section of the phrenic nerve in the neck was first suggested by Steurtz [301 in 1911, as he believed that the collapse and rest of the diseased lung which resulted would facilitate healing. Schepelmann [29] later in 1913 confirmed this view and stated that paralysis of the diaphragm would also favourably influence apical tuberculosis. Sauerbruch [28] in 1913, without the knowledge of Steurtz's having proposed this operation, published an account of five cases on which he had operated. Up to 1914 he had operated on twenty-six such cases, all of which were the subject of careful radiological study by Walther [311, who found that less than 50% of the cases showed the paradoxical movement, which is characteristic of diaphragmatic paralysis; in other words the operation in a large percentage of cases had not produced the desired result. It was not until after the publication of the anatomical research on the phrenic nerve by Felix [14] in 1922 that this was explained.
The accessory phrenic nerve.-Felix showed that in 25 to 30% of normal individuals there is present an accessory phrenic which is not usually divided by a simple section of the phrenic nerve at the level of the omohyoid muscle, and that after such an operation a return of diaphragmatic movements is generally due to this cause. The accessory fibres arise from the brachial plexus, usually from the fifth or sixth cervical nerves; they may arise as a single bundle or as a series of two or three nerves which run an oblique course downwards, and unite with the main phrenic nerve after crossing the subclavian vein just under the sternoclavicalar joint; the union may take place higher than this, near the usual site of phrenicotomy at the level of the omohyoid muscle, or lower, close to the hilus of the lung. These accessory fibres generally run in conjunction with the nerve to the subelavius, leaving that nerve just before it pierces the subelavius muscle. This is the most usual variety of accessory phrenic, but in other cases it may consist of fibres from suprascapular nerve, the vagus, spinal accessory or hypoglossal nerves. Phrenic evulsion.-In view of these anatomical facts, Felix suggested that the operation should be what he termed phrenic exairesis-or what we in this country now call phrenic evulsion-i.e. complete evulsioil of the phrenic nerve, together with the terminal filaments from the diaphragm; this operation not only resects the main trunk, but also interrupts the connexions with the accessory phrenic as well. A complete operation such as this is not always possible, however, and it has been found that by evulsing the first 12 cm. of the phrenic nerve from the level of the omohyoid muscle it is possible in the vast majority of cases to include all the accessory fibres and produce a permanent paralysis of the diaphragm. Matson [23] states that in a series of 300 cases he had never observed return of function if 10 cm. or more are evulsed.
The operation of phrenic evulsion is not altogether devoid of risk; sometimes in the presence of adhesions, traction causes pain-for the operation is practically always performed under local anesthesia-or it may tear the pleura, or the lung, resulting in a pneumothorax or a pyopneumothorax; or it may result in emphysema or infection of the mediastinum. Another possibility is that in some cases the accessory phrenic comes in front of the subelavian vein and joins the main nerve which comes from behind, thus forming a loop which may cause damage to the vein if traction is continued.
Other complications which may occur are haemorrhage from the pericardiophrenic artery, pulmonary embolism, and pulmonary oedema. In this connexion Berry [3] has reviewed the literature and collected 4,697 cases in which this operation has been performed. In 57 of these (1-2%) there were complications directly attributable to the operation; of these 26 (05/%) were fatal. These sequels, therefore, when they do occur, are generally of a serious nature, as 40% of them have ended in death.
Radical phrenicotomy.-It was the object of avoiding those complications associated with traction on the nerve that Goetz [161 devised the operation which he termed radical phrenicotomy; this means a simple division of the phrenic nerve at the level of the omohyoid, along with resection of the nerve to subclavius and any other accessory fibres which may be seen. Radical phrenicectomy.-Many surgeons instead of simply dividing the nerve prefer to do a phrenicectomy, resecting from 2 to 3 cm. of the phrenic, as well as resecting the nerve to the subelavius.
Morriston Davies [25] states that phrenic evulsion, when the nerve comes out easily is the operation of choice; in all other cases the operation should be a phrenicectomy.
EFFECTS OF DIAPHRAGMATIC PARALYSIS
(1) On the diaphragm.-When the diaphragm has been paralysed by one of the above methods, the dome of the affected side rises and assumes the expiratory position unless it is prevented by adhesions or thickening of the diaphragmatic pleura or an unusually dense fibrotic lung. This rise is due to the fact that the intra-abdominal pressure is positive + 3 or + 5 cm. of water, while the intrathoracic pressure is negative and may reach -10 or -12 cm. of water. The dome continues to rise for several months after the operation as the atrophic changes in the muscle proceed; the maximum height may not be attained for six months or a year or even longer; sometimes there is no immediate rise, and yet when examined several months later the dome may have risen quite appreciably. Matson [23] quotes a case of this sort in which, although there was no initial rise at all, yet at the end of nine months the rise was 8 cm. The height to which the dome rises is generally greater in the right side than the left; on an average 4 to 8 cm. is usual, but rises as high as 13 cm. have been reported.
When observed radiographically the paralysed diaphragm is motionless on quiet breathing. On deep inspiration the so-called paradoxical movement occurs (which was first described by Kienboch [19] in 1898), and this is due to the fact, as we have seen, that the diaphragm is drawn upwards by the negative intrathoracic pressure of inspiration, aided by the positive intra-abdominal pressure and forced downwards on expiration, i.e. the opposite of the normal respiratory movement.
Pathological changes: After section of the phrenic nerve, the diaphragm atrophies and becomes a parchment-like membrane; the muscle-fibres are degenerated and show an increase in fibrous tissue; the affected half of the diaphragm is greyish-pink in colour in contradistinction to the reddish-brown colour of the opposite side (Anderson [2] ).
(2) On the lung.-Diaphragmatic paralysis produces a decrease in the volume of the lung which affects not only the base, but the apex also unless prevented by pleural adhesions, this fact being well supported by the beneficial effects which result from phrenic evulsion in apical disease. A collapse of the lung occurs which is mainly in proportion to the height to which the dome rises; it is more marked in diseased than in normal lung, and more marked where there is fibrosis than where there are exudative changes.
Reduction in lung volume: Under the most favourable circumstances the reduction of lung volume amounts to 1/6th to 1/3rd (Brunner [10] ). By spirometry the capacity of the chest is diminished by 400-800 c.c. (normal total capacity 2,400 c.c.). It is obvious that a diminution in lung volume to this extent is not likely to give rise to dyspncea per se.
(3) On the heart.-There is little effect on the heart as a rule; it may be displaced slightly to the opposite side or slightly upwards in a left-sided case. The electrocardiogram is normal after phrenicectomy.
(4) On the stomach.-Gastric symptoms have been occasionally observed after phrenicectomy, but as a rule the consequences are not serious (Cooper [13] , Klee [20] ); in some cases there is a gaseous distension of the stomach. After phrenicectomy the unaffected dome of the diaphragm displaces the cesophagus laterally during inspiration, and it returns again to its normal position during expiration. It has been observed radiographically that the curve which the cesophagus normally makes after it leaves the diaphragm to enter the stomach mav become sharper; patients who have a large left-sided pneumothorax and a slight rise of the left dome of the diaphragm following phrenicectomy do not generally show this increased curvature of the lower end of the cnsophagus. When observed after a barium meal the cesophagus empties normally following paralysis of the left dome;
there is no evidence that cardiospasm can be produced by phrenicectomy (Ballon [6] ).
Occasionally nausea and vomiting have been relieved after the operation, especially when these symptoms are due to basal adhesions associated with a left-sided pneumothorax.
(5) Other efects.-The benefit which may result is not always in proportion to the height to which the dome rises; sometimes a favourable effect is obtained in cases where the rise is slight; it has been suggested that such cases may be due to interference with the sympathetic fibres which are in association with the phrenic (Bonafe [7] ). Felix [14] has shown that there is a strand of sympathetic fibres running within the sheath of the phrenic. Belli [4] has observed that there is vasodilatation of the lung parenchyma after phrenicectomy and Lusena [22] has stated that an increase in venous pressure and stasis follows the operation. The whole question at the moment is rather obscure, and one which merits further investigation.
PHYSICAL SIGNS OF DIAPHRAGMATIC PARALYSIS (1) Inspection. One of the most marked clinical signs of diaphragmatic paralysis is indrawing of the epigastrium, and in this the costal arches participate; the breathing tends to be thoracic in type; the ribs run less obliquely, the intercostal spaces are broader; the breast is higher than on the unaffected side. In bilateral paralysis the breathing is entirely thoracic; only when the patient is in the upright position is there a slight attempt at abdominal respiration. Litten's [21] sign is absent; its presence in the normal individual is due to a diaphragmatic contraction at that part of the costophrenic space which lies under the lower border of the lung, where the diaphragm is nearest the chest wall. The apex beat may sometimes be displaced upwards or outwards in a left-sided paralysis.
(2) Palpation. On abdominal palpation there is normally some resistance, due to the descent of the diaphragm on inspiration; after phrenicectomy this resistance is less on the affected side (Gerhardt [15] ).
(3) Percussion. Briscoe [9] has described an area of diminished resonance parallel to the border of the sternum on the affected side; it corresponds to a line parallel to the normal attachment of the pleura and is probably due to retraction of the lung. There is also an area of diminished resonance at the base; it may extend as high as the seventh rib in the scapular line. This area is frequently difficult to define accurately owing to the fact that there is generally superadded an area of impaired note due to underlying pathological condition. On the left side the area of stomach resonance may be raised, and in some cases the splenic dullness also.
(4) Auscultation. There is a deficient inspiratory murmur at the base on the paralysed side; but the expiratory murmur is often of equal length and intensity on the two sides of the chest. The breath sounds may be puerile or bronchovesicular in character. IEgophony is often heard at the lower limit of lung resonance, if a deep breath is taken.
(5) Radiography. The most definite sign of diaphragmatic paralysis is paradoxical movement (Kienboch's phenomenon [19] ), to which reference has already been made. Bittorf [5] has described a test by which this may be more readily elicited. The patient is directed to close his nose and mouth and try to take a deep breath; the paralysed dome rises and the unparalysed descends. Another test is to ask the patient to sniff, when the same phenomenon occurs. In addition to the above paradoxical movement, there is a slight normal movement imparted to the paralysed side by the pull of the central tendon.
INDICATIONS
A. PULMONARY TUBERCULOSIS.
I. As the sole therapeutic measure.- (1) In all cases where artificial pneumothorax has failed-except in cases of extensive disease where a ten-rib thoracoplasty is the obvious alternative to pneumothorax; (2) for the relief of symptoms such as: (a) h.%moptysis, (b) cough due to diaphragmatic action, (c) tachyeardia when due to adhesions in the pericardiophrenic space, (d) nausea and vomiting, (e) pain due to the drag of diaphragmatic adhesions, (J) hiccup.
II. Combined with artificial pneumothorax.-(1) Where there are basal adhesions; (2) as an alternative to bilateral pneumothorax; (3) to lengthen the interval between the refills: (4) to diminish the size of the thorax when pneumothorax is being abandoned.
III. Combined with thoracoplasty.-As a preliminary to the localized thoracoplasty.
B. OTHER DISEASES. Unresolved pneumonia; fibrosis of the lung; bronchiectasis; abscess of the lung; hydatid disease.
CLINICAL RESULTS A. PULMONARY TUBERCULOSIS.
I. As the sole therapeutic measure.-(1) As we have already seen, diaphragmatic paralysis exercises a beneficial effect not only by producing a partial collapse at the base, but also favourably influences apical lesions as well. Cavities diminish in size and tend to close, unless they have thick and rigid walls (Werner O'Brien [32] ). Contrary to what one might anticipate, expectoration is actually easier after phrenicectomy; as with other forms of collapse therapy, the amount of sputum is increased at first and then gradually diminishes, producing coincidentally a lessening of toxtemia and often a fall in temperature. Phrenicectomy is indicated in all cases where pneumothorax has failed, either at the original induction, or has had to be abandoned later on account of adhesions, excepting possibly such cases of extensive disease to which the obvious alternative is a ten-rib thoracoplasty.
(2) Diaphragmatic paralysis is also valuable in the treatment of certain symptoms in pulmonary tuberculosis:
(a) H.emoptysis.-Like other measures used in the treatment of hnmoptysis, it is difficult to assess its value in this direction, as every case in which the hwmorrhage ceases is not necessarily due to the effects of the operation. Several observers have reported satisfactory results, and it seems a logical procedure in those cases of haemoptysis in which pneumothorax has been unsuccessful and a thoracoplasty is contra-indicated.
(b) Cough.-Morriston Davies [25] has emphasized its value as a measure for the relief of cough, especially when the cough is of diaphragmatic origin. A diseased focus in the neighbourhood of the diaphragm causes a spasm of the muscle in the same way that a tuberculous focus in a joint causes spasm of the surrounding muscles; this spasmodic contraction acts as a barrier to the propulsive force of the intra-abdominal pressure, which is removed when the diaphragm is paralysed, thus facilitating expectoration.
(c) Tachycardia.-Tachyeardia and cardiac irregularities may be improved if they are due to adhesions in the pericardiophrenic space. IT. Combined with artificial pneumothorax.-In conjunction with artificial pneumothorax it is specially valuable in those cases where adhesions at the base prevent a satisfactory collapse. Such adhesions cannot generally be dealt with by cauterization, and diaphragmatic paralysis frequently relieves the symptoms to which they give rise (e.g. diaphragmatic cough, or nausea and vomiting in a left-sided case).
It is useful as an alternative to bilateral pneumothorax. In all cases of artificial pneumothorax it lengthens the interval between the refills, and this may be due to the diminished movement; it has been stated that effusions occur less often, but this fact has not been confirmed.
It helps to diminish the strain on the re-expanding lung at the conclusion of pneumothorax treatment, as has been emphasized by J. Alexander [1] and others.
III. Combined with thoracoplasty.-Phrenicectomy is useful in collapsing the base in a localized thoracoplasty. Sauerbruch [28] originally suggested that it should be used to test the opposite lung in cases where thoracoplasty was being considered, but its use in this connexion has now been abandoned by tne majority of surgeons. It was said to diminish the risk of aspiration into the lower lobe during thoracoplasty, but this is also doubtful. B. OTHER DISEASES.
(1) Unresolved pneumonia and fibrosis of the lung.-An unresolved pneumonia often, in the course of years, leads to fibrosis of the lung and eventually to bronchiectasis [Morriston Davies (24) ]. The rise of the dome, by compensating for the shrinking of the fibrous tissue at the base, tends to prevent this, when phrenicectomy is performed as a prophylactic measure.
(2) Bronchiectasis.-In cases of established bronchiectasis, however, the results have been less satisfactory, one reason being that broncbiectatic cavities are generally in the mesial half of the lower lobe where the effect produced by the rising dome is much less marked than on the peripheral part of the lung. Another reason ig that phrenicectomy does not always facilitate cough and expectoration; occasionally the opposite effect is produced. Particularly in cases with a large amount of sputum, it so hinders cough and drainage that the secretions are held up in the lung, leading to a fatal pneumonia; in fact the sudden flooding of the op'posite lung has produced a rapidly developing asphyxia on more than one occasion.
(3) Abscess of the lung.-In abscess of the lung it may assist in closing the walls of the cavity after it has been dealt with surgically.
(4) Hydatid disease.-The same is true of hydatid disease; when the cyst has been removed it helps to bring the walls of the cavity in apposition.
